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Abstract 
Wire Electrical Discharge machine (EDM) is a versatile method for making micro product of complex geometry. The process 
parameters play a critical role for the accuracy and precision of the component. Inconel 718 is a super alloy used for many critical 
operations. It is a challenging task for ding EDM operation of Inconel-718. It is highly essential to study the process mechanics 
for effective micro-EDM operation. In the present investigation, numerical simulation of wire EDM has been carried out using 
ANSYS software in order to determine temperature profile, Material Removal Rate (MRR) for single discharge and converted 
into the multi-discharge. For multi-discharge machining material removal was calculated by calculating the no. of pulse. 
Justification of model has been done by comparing the experimental versus numerical result obtained under the same parameter 
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1. Introduction  
 
In this demanding world by advanced technologies the WEDM has become play an important role in non-traditional 
machining process, widely used in defences, space, automotive industries. WEDM is a thermal erosion process 
whereby a desired shape and size is acquires using sparks. Material is removed from conductive material immersed 
in dielectric by a series of arbitrarily recurring sparks between wire tool and the workpiece. Furthermore to get high 
degree of accuracy and good surface finish make WEDM valuably. Joshi el al.[1] have proposed a numeral model 
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for EDM for accurate prediction of process responses using Finite element method. Singh el al. [2] has concluded 
that electrostatic forces are major factor for material removal for short pulses and long pulses are dominant factor for 
melting of material. Schulze et al. [3] have measured and simulated crater morphology of EDM using ANSYS and 
the model is matched for single discharge. The thermal channel based parameters are calculated. Nihat Tosun et.al 
[4] studied on the effect and optimization of machining parameters on the kerf and MRR in WEDM operations. The 
experimental studies were carried out under varying Ton ,V, wire speed as well as dielectric flushing pressure. The 
experiment design setting of machining parameters was determined by using Taguchi experimental design method. 
Mahapatra [5] have developed relationships between various responses like material removal rate (MRR), surface 
roughness (SF) and control factors and kerf by means of nonlinear regression analysis, resulting in a valid numerical 
model and then apply the genetic algorithm (GA) to optimize the process 
 
The nickel based super alloys and excellent mechanical strength resistance to deform at very high temperature. The 
objective of this present study to develop a FEA model for single spark has developed. The different machining 
parameters have been considered like Ton, Toff, V, Ip etc.  The single spark model has been continued to predict the 
temperature distribution for second discharge.  After that the predicted results getting from the ANSYS model has 
been verified with experimental results. The most of the researcher, they validated numerical versus experimental 
model with not more than two responses. In this paper, a Taguchi L9 for design the experiment to perform 
experiments with three responses in the WEDM process simultaneously by identifying important process parameters 
with making one the three parameters constant. 
 
Nomenclature 
EDM Electrical discharge machining  
WEDM  Wire Electrical discharge machining 
MRR Material removal rate (g/min) 
FEM Finite element method 
 Fraction of heat input 
V Voltage (V) 
Ip Current (A) 
Q(r) Heat flux (W/m2) 
CP Specific heat (J/kgK) 
CV Crater volume (μm3) 
hf Coefficient of heat transfer of dielectric fluid 
ha Coefficient of heat transfer of air 
r Radial coordinate of the workpiece 
K Thermal conductivity (W/mK) 
T Temperature (K) 
T0 Room Temperature 
Ton pulse on time 
Toff Pulse off time 
 
2. Numerical modeling of the WEDM process 
 
2.1 Thermal analysis 
 
The mathematical statement that describes the temperature variation along the mode of heat transfer in solid is 
through conduction and between the dielectric and workpiece is through convection. The following assumptions are 
made in the present analysis to make problem mathematically feasible the WEDM process is formulated under the 
following assumptions: 
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Assumptions: 
 
i. The model is developed for a single spark. 
ii. For a single pulse the discharge duration and the pulse-on time are assumed to be the same. 
iii. The thermal properties of workpiece material are considered as a function of temperature. It is assumed that due 
to thermal expansion, density and element shape are not affected 
iv. The work domain considered is axisymmetric  
v. Temperature analysis is considered to be of transient type [6-7]. 
vi. The material of the wire is homogeneous, isotropic and has constant properties. 
vii. The heat source is assumed to have Gaussian distribution of heat flux on the surface of the workpiece [6-7]. 
viii. The composition of the material of workpiece is assumed to be homogeneous and isotropic(ii)  
ix. Heat source following Jennes et al. [8]. While the heat source/discharge channel diameter (Fig. 1) is a function 
of the discharge duration, a constant value, corresponding to that at the end of discharge, has been assumed for 
the entire time period. 
x. The temperature variation across the diameter of the wire is neglected. 
xi. Joule heating and cross-vibration effects of the moving wire are neglected. 
xii. The workpiece is free from any type of stress before process. 
 
2.2 Governing Equation 
 
This equation has for calculation of transient nonlinear analysis of heat distribution with on workpiece. Heat on the 
workpiece has due to a single spark is assumed to be axisymmetric model. A small cylindrical portion of the 
workpiece around the spark is selected for analysis. The differential governing equation of thermal diffusion 
differential equation in an axisymmetric model is governed by the following  
 
1
p r r
T T TC K K
t r r r z z
U w ª w w w w ºª º § · § · ¨ ¸ ¨ ¸« »« »w w w w w¬ ¼ © ¹ © ¹¬ ¼                                                                                                   (1) 
 
Where ρ is density, Cp is specific heat, Kr thermal conductivity of the workpiece, T is the temperature, t is the time 
and r & z are coordinates of the workpiece. 
 
 
Fig.1 Spark channel configuration 
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Fig. 2 An axisymmetric model for the EDM process simulation 
 
2.3 Boundary Condition 
 
The workpiece is axisymmetric about Z-axis, and region R is cut from the workpiece with 30μm thickness. The 
considered workpiece area is shown in Fig. 2. The heat flux for a single spark is applied on the surface area 1, up to 
R using Gaussian heat flux distribution. On the remaining surface1, the convection heat transfer takes place due to 
the cooling effect caused by the dielectric fluid. As the Surface 4 and 3 are far from the spark radius and also the 
spark has been made to strike for a very small amount, so no heat transfer conditions have been assumed on that 
surface. For surface 2, which is axisymmetric, the heat flux has been taken as zero [9]. 
 
 
1. For boundary surface 1 
 
Up to spark radius (R): 
 
 = Q(r).  
 
Beyond Spark Radius R 
 
 = h (T – T0) 
 
2. For boundary 4, 3, 2  
 = 0 
 
Where, h is the heat transfer coefficient between the workpiece surface and dielectric, Q(r) heat flux, T0 is the initial 
temperature which is room temperature and T is Temperature. 
 
 
 = 0 
 =0  
R 
Heat flux Boundary 
Conductive Boundary 
hc(T-T0) 
 = 0 
1 
2 
3
4 
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Most of the researchers have considered had considered uniformly heat source in between a spark. In the present 
work, a Gaussian heat distribution Eq.2 is assumed. If it is assumed that total power of power of each pulse is to be 
used only single spark can be written as follows 
 
2
2
4.45( ) exp 4.5
w
iH VI rQ r
R RS
­ ½° °§ · ® ¾¨ ¸© ¹° °¯ ¿
                                      (2) 
 
Where r is the radial distance from the axis of the spark, R is the spark radius, V is the voltage and I is the current 
and Hi is heat input on workpiece. 
 
2.4 Spark Radius 
 
It is an important parameter in the thermal modeling of WEDM process. In practice, Spark radius depends 
upon dielectrics, polarity and electrode materials [1], it is very difficult to measure experimentally, because spark 
radius very short pulse duration of in microseconds. During Spark time, spark size dose not remain constant, its vary 
time to time [10]. The Spark Theory on a wire EDM is basically the same as that of the vertical EDM process [11]. 
In wire EDM, the conductive materials can be machined with a series of electrical sparks, which are produced 
between an accurately positioned moving wire (electrode) and the workpiece. High frequency pulses of AC or DC is 
discharged from the wire (electrode) to the workpiece with a very small spark gap through an insulated dielectric 
fluid. The Equation (3) can be used to calculate the spark radius, depends upon the discharge power and time 
dependent [12].  
 
( ) m nR t KQ t                                                (3)  
Where: 
 
R = Plasma channel radius (μm) 
Q = Discharge current (A) 
exponents m, n and K are empirical constant with K being a function of the discharge length. Further these constants 
have been defined in terms of experimental coefficients L, M and N as: 
 
0.5
LK
lm N
§ · ¨ ¸© ¹
                                                                                           (4) 
 
 
Where,  is the discharge length. 
However, either theoretical or experimental analysis a reliable and realistic method has not been reported to 
determining the spark radius  
 
2.5 Energy Distribution 
 
Another parameter is Energy distribution is important in the thermal modeling analysis of WEDM process. Joshi el. 
al  [1] have suggested an energy distribution of 1-8% for workpiece and 18.3% for tool material using AISI W1 tool 
steel and graphite as the workpiece and tool material. In the present model, an energy distribution of 2-5% for 
workpiece and 3-8% for wire material has been recommended by employing Inconel 718 as the workpiece and brass 
as the tool material respectively equating the experimental versus numerical model 
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2.6 Process of Thermal Modeling in ANSYS Software 
 
The governing equation in Equation(1) with boundary conditions as shown in fig. 2 to solve by FEM to predict the 
temperature distribution at the end of each transient heat transfer analysis [1]. ANSYS™ 13.0, FEM software has 
used. A three dimensional model of dimension 600  30μm has been considered for the analysis. 
Three-dimensional, element type Tet 10node 87 (solid 87) with element edge length is 10μm is use for analysis. 
Nonlinear material properties, viz. temperature dependent thermal conductivity, were employed.  
 
2.7ThermalModeling of MRR  
 
The thermal modelling has discussed above and it assume as a single spark. Actual material removal rate during 
WEDM process is governed by various factors such as ignition delays, high frequency of sparks, flushing efficiency, 
and phase change of electrodes, dielectric medium, and random behaviour of debris particles [1]. 
The nodes showing temperature more than melting temperature is selected and eliminated from the 
complete mesh of the work domain for further analysis. A typical crater cavity generated by this analysis. Calculate 
is done for single spark only the cavity volume is divided into the no. of the cylindrical size (fig. 3). The two 
dimensional model of the node boundary generated in ANSYS to calculate the crater volume 
 
Fig.3 Calculation of crater Volume 
 
The carter volume vol (μm3) is given  
 
1
0
n
vol disc
n
C V

 
 ¦                                                                                                                                                             (4) 
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Where volume of a disc, Vdisc is given  
 21 12n ndisc n n
x xV y yS  § · ¨ ¸© ¹                                                                                                                          (5) 
Where x and y are the coordinates of nodes and n is the no. of nodes Equations4- 6 is used for to calculate the crater 
volume generated by a single spark[1]. As a result, in the present work, ideal MRR is calculated for only for selected 
condition that all sparks are equally distributed with 100% flushing. 
 
60 vol
on off
CMRR
t t
u                                                                                                                                                       (6) 
Where Cvol is the material removed per discharge pulse, ton is discharge duration and toff is the discharge off time 
 
2.8Material Properties 
 
Table 1: Chemical composition of INCONEL 718 
 
Inconel 718 
Element Ni+Co Cr Fr Nb+Ta Mo Ti Al 
Content (%) 50-55 17-21 Bal 4.45-5.5 2.8-3.3 0.65-1.15 0.2-0.8 
 
Table 2: Thermal properties and mechanical properties of INCONEL 718 
 
Thermal Conductivity, K(W/mK) 11.4 
Specific Heat, C(J/kg K) 435 
Density, ρ (kg/m3) 8190 
Melting Temperature (K) 1609 
Young’s Modulus, E (GPa) 205 
Poisson’s Ratio 0.29 
 
3. RESULTS AND DISCUSSION 
 
The experiments were performed on ECOCUT which is manufactured by electronic, EIPULS 15 (fig. 4). The different 
settings of V, I and Ton were used in the experiment (Table 3).The Toff  (50μs), wire speed (5.2 mm/min), flushing 
pressure (1 kg/cm2) and wire tension 7 kg-F were kept constant throughout the experiments. The coded value is given as 
1, 2, and 3 as small, medium and large for voltage, current and pulse on time. 
The predicted results are obtained for single spark and Inconel 718 as a workpiece. Predicted temperature 
distribution on the workpiece has been shown in Fig. 5-6. Make the one by one parameters constant out of three and 
checking the variation of constant parameter and effect on MRR.  
 
Table 3 : Process parameters used to simulate the WEDM process 
Parameters  Coded value 
Percentage of Heat input ( ) 0.08 Small Medium Large 
Voltage (V) 50 60 70 V 1 2 3 
Current (A) 10 11 12 A 1 2 3 
Pulse on Time (Ton) 100 110 120μs 1 2 3 
Pulse off Time (Toff) 50μs Constant 
Room Temperature (To) 2980K Constant 
Co-efficient of heat transfer of 
dielectric fluid  (hf ) 
10,000 (W/m2K) Constant 
Spark Radius (R) (Constant) 120μm Constant 
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Fig. 4 wire EDM machine (ECOCUT) 
 
Table 4: Experimental design using L9 orthogonal array (Voltage constant) 
 
Ex. 
No 
Voltage 
(V) 
Ip (A) Ton 
(μs) 
Kerf 
(mm) 
MRR 
(Experiment) 
(g/min) 
MRR 
(Predicted) 
(g/min) 
1 2 1 1 0.273 0.00186781 0.00205600 
2 2 2 2 0.279 0.00236492 0.00268500 
3 2 3 3 0.305 0.00302188 0.00339176 
4 2 1 2 0.272 0.00250108 0.00309176 
5 2 2 3 0.276 0.00237858 0.00252700 
6 2 3 1 0.278 0.00239568 0.00286400 
7 2 1 3 0.282 0.00202365 0.00252706 
8 2 2 1 0.286 0.00250711 0.00286430 
9 2 3 2 0.293 0.00285758 0.00329625 
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Fig. 5 Temperature distribution at the end of the single spark at V=50V, Ip=11A, P=0.08 and Ton = 120μs 
 
Table 5: Experimental design using L9 orthogonal array (Ip constant) 
 
Ex. 
No 
Voltage 
(V) 
Ip (A) Ton 
(μs) 
Kerf 
(mm) 
MRR 
(Experiment) 
(g/min) 
MRR 
(Predicted) 
(g/min) 
1 1 2 1 0.265 0.00138560 0.00154400 
2 1 2 2 0.274 0.00179520 0.00233250 
3 1 2 3 0.276 0.00232940 0.00252706 
4 2 2 2 0.285 0.00235917 0.00268500 
5 2 2 3 0.286 0.00289796 0.00310235 
6 2 2 1 0.284 0.00218645 0.00252400 
7 3 2 3 0.283 0.00307880 0.00349060 
8 3 2 1 0.284 0.00315162 0.00342800 
9 3 2 2 0.290 0.00322590 0.00360375 
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Fig. 6 Temperature distribution at the end of the first spark at V=50V, Ip=11A, P=0.08 and Ton = 120μs 
 
Table 6: Experimental design using L9 orthogonal array (Ton constant) 
Ex. 
No 
Voltage 
(V) 
Ip 
(A) 
Ton 
(μs) 
Kerf 
(mm) 
MRR 
(Experiment) 
(g/min) 
MRR 
(Predicted) 
(g/min) 
1 1 1 2 0.281 0.00191021 0.00233250 
2 1 2 2 0.279 0.00202568 0.00236625 
3 1 3 2 0.288 0.01421080 0.00183750 
4 2 1 2 0.285 0.00201282 0.00236590 
5 2 2 2 0.275 0.00189720 0.00202500 
6 2 3 2 0.297 0.00295354 0.00329625 
7 3 1 2 0.288 0.00196141 0.00236625 
8 3 2 2 0.308 0.00296590 0.00331625 
9 3 3 2 0.307 0.00352925 0.00370875 
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Fig. 6 shows the FEA model after material removed, it has observed from the temperature distribution that, during the Ton 
the temperature increases in the workpiece and temperature has increased sufficient enough to melt the hard material 
Inconel 718 due to its high melting temperature. During the pulse-off time spark does not exist between the wire and the 
workpiece, thereafter no heat flux applied on the workpiece. During the pulse-off time only convection takes play the role 
between the workpiece and dielectric. 
 As assumed that the initial temperature of the workpiece is 2980K.   Fig.5 shows the temperature distribution at 
the end of first spark. The most of the heat has taken by the dielectric through convection and some part of heat is taken 
away by workpiece 
 
Fig. 7 Comparison of predicted MRR with experimental value making Voltage constant 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8 Comparison of predicted MRR with experimental value making Current constant 
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                            Fig. 9 Comparison of predicted MRR with experimental value making Ton constant 
 
4. Conclusion 
 
From (Figs. 7-9) shows that the values between experimental and numerical model analysis result are closer which is 
comes 87%. Because there were some assumptions in the model when compared to the experimental value; like 100% 
flushing, no ignition delays, no deposition of recast layer, etc. But in experimentally, is not possible like that, the melted 
material is not fully flushed out from the workpiece; some amount of melted material re-solidifies in the workpiece and 
forms the recast layer. Thus, it can be concluded that the numerical model would give better prediction of process 
responses. The results have been compared which obtained by ANSYS software analysis and experiments. It can be 
concluded that numerical method provides approximate accuracy predict of responses. Therefore, the method can be 
adopted to forecast the responses before going operation. It may save time and as well as effect on cost of 
experimentation. In figures 5-6 show the predicted crater and temperature distribution on work piece respectively. From 
the figs. 5-6 shows that better MRR have been found in fig. 9, because, Ton make constant. And Ton is found to be a most 
significant factor inducing all responses investigated. Simultaneously, the opposite were observed for MRR, through 
which increasing the value of Ton will gives better result for MRR. 
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